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the surrounding walls, the radiative flux is expressed as [26,27]:
L T T( ( ) )rad g g i4 4 (4)
where Ti is the temperature of the internal surface of the quartz
window, L( ) and Tg are the equivalent emissivity and the temperature
of the burned gases and g the gas absorptivity. The absorptivity g is
correlated to L( ) as =L T T/ ( ) ( / )g g i 1.5 [26] and this correlation is in-
jected in Eq. (4) yielding:
L T T T( ) ( )rad g g i1.5 2.5 2.5 (5)
Modest [28] gives a rough approximation of the mean beam length=L V A3.6 / that gives satisfying results, where V and A are the volume
and the surrounding surface area of the considered region.
Along the combustor walls, the swirling flow is turbulent. The Ditus
correlation [29] is used to estimate the convective heat flux:== =h T T( )Nu 0.023Pr Re
cv cv
g i
L
h L
k D
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where ka is the thermal conductivity of the burned gases at= +T T T L( )/2,b g i the height of the combustion chamber, NuL, Pr are
the Nusselt and Prandtl numbers and ReD is the Reynolds numbers
based on the hydraulic diameter D of the square cross section area of
the combustion chamber and is also evaluated at Tb.
3.3. Analysis of heat transfer regimes
In order to discriminate the origin of the thermal loads on the
sidewalls, the combustion chamber volume is separated into four dis-
tinct zones, as sketched in Fig. 9:
1. — Zone 1 corresponds to the reaction region, where the temperature
is close to the adiabatic flame temperature Tad and the axial velo-
cities are high at the injector outlet. This zone corresponds to the
volume delimited by the spontaneous OH∗ emission shown in Fig. 1a
and b and lies far from the walls.
2. Zone 2 corresponds to the Inner Recirculation Zone (IRZ) of the
swirling flow and is revealed by the axial velocity field plotted in
Fig. 10. Recirculation of the burned gases inside the IRZ allows
flame stabilization in the center of the combustor, but this region is
not in direct contact with the combustor sidewalls.
3. Zone 3 corresponds to the Outer Recirculation Zone (ORZ) high-
lighted in the bottom corners in Fig. 10, which is located between
the flame front, the combustor sidewalls and the combustor flange.
This region is essentially filled with burned gases and characterized
by large-scale vortical structures and low velocities. The
temperature in this region is measured with a thermocouple, re-
presented in Fig. 9 at =z r43 0 (TC3 in Fig. 2). The small flow velo-
cities in this region indicate that the convective heat transfer coef-
ficient hcv at the quartz windows remains small in this zone. Wall
radiative energy transfers are presumed to be more important in this
region. The ORZ stops at the height z r8c 0.
4. The last region designated as zone 4 in Fig. 9 corresponds to the
burned gases near the combustion chamber exhaust. The tempera-
ture is also relatively homogeneous in this region and was measured
with a thermocouple at =z r114 0 (TC4 in Fig. 2). The flow pattern
induced by the swirling motion forces the burned gases to circum-
vent the large IRZ and to be redirected toward the walls with rela-
tively large velocities (see Fig. 10). This flow circulation promotes
wall convective heat transfer.
In this analysis, it is hypothesized that the two important zones for
heat transfer to the quartz walls are zones 3 and 4. Radiative effects
from zone 1 and zone 2 are discarded due to an optically thick ap-
proximation of radiative energy transfer. In zone 3, only radiative heat
transfer is then considered due to the low velocities of the flow in this
region. In zone 4, both the radiative and convective heat fluxes are
taken into account. Table 2 synthesizes the different temperatures, ra-
diative and thermal properties that are used to make the calculations
with the model presented in Section 3.2. The thermal load on the
combustor sidewalls is now analyzed with Eqs. (5) and (6) and results
are compared for flame A and flame B. Simplifications are made based
on the similarities of the flame (Fig. 1) and flow (Fig. 10) patterns.
The gas temperatures Tg measured with a thermocouple at =z r43 0
and =z r114 0 are chosen to fix the temperature throughout zone 3
(ORZ) and zone 4 (Burned gases). The mean beam length method from
Modest [28] is used to determine the radiative properties of the major
species within the burned gases. Data from Riviere and Soufiani [30]
are used to calculate the total emissivity L( ) of the burned gases while
accounting for both CO2 and H2O molar fractions. The value found for
the CO2-diluted flame B is twice the emissivity of the N2-diluted flame
A: L L( ) 2 ( )B A .
In the ORZ corresponding to zone 3, the temperature difference=T T Tg i between the burned gases temperature Tg, measured with a
thermocouple, and the internal surface temperature Ti of the quartz
Fig. 9. Separation of the combustion chamber volume in different zones to
model the heat transfer to the sidewalls.
Fig. 10. 2D velocity fields in an axial plane in reacting conditions.= =P0.95, 13 kW, =S 0. 750 and =T 2200ad K. The IRZ and ORZ are deli-
neated by the black and grey thick contours and correspond to =u 0z .
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